Introduction
Anthraquinone, a quinone derived from anthracene, has been used in dyes, cosmetics, pharmaceuticals, and food. Recently, several anthraquinone derivatives were identified from plants [1] , bacteria [2] , fungi [3] , and insects [4] with bioactivities such as laxation [5] , anticancer [6] , anti-malaria [7] , neuroprotective [8] , and anti-inflammatory effects [9, 10] .
In particular, bacteria produce polycyclic aromatic compounds, which are clinically effective antibiotics, and several useful metabolites via polyketide synthase [11] . Photorhabdus temperata (PT) is a gram-negative bacterium living symbiotically within entomopathogenic nematodes such as Heterorhabditis, and are insecticidal owing to the compounds produced by PT. Therefore, the Photorhabdus culture broth is used as a biopesticide in agriculture. In our previous study, we reported the discovery of two mosquitocidal anthraquinones, 1,3-dimethoxy-8-hydroxy-9,10-anthraquinone and 3-methoxychrysazine [12] . However, there have been no reports of anthraquinones derived from PT culture broth with neuroprotective and/or antineuroinflammatory effects.
Meanwhile, it has been demonstrated that oxidative stress and inflammation are the main causes of neurodegeneration in the central nervous system (CNS) [13] [14] [15] . Glutamate is an excitatory neurotransmitter in mammals; however, it has been shown that excess glutamate can induce neurotoxicity [16] . In cells overexposed to glutamate, the cystine uptake is decreased owing to the suppression of the glutamate/cystine antiporter resulting in the depletion of the cellular antioxidant, glutathione [17] . Additionally, Ca 2 + influx activates the Ca 2 + -dependent proteases, especially calpain. Calpain cleaves the cytoskeletal protein spectrin and the mitochondria-related protein Bid, which results in cytoskeletal disruption and mitochondrial dysfunction, respectively [18] . The overproduction of intracellular reactive oxygen species (ROS) and lipid peroxidation induced by glutamate accelerate the cell death stimuli [19, 20] .
Microglia are a type of phagocytes existing in the brain and the spinal cord [21] . They chiefly provide immune defense by detecting pathogenic signs and tissue damage. On the contrary, microglia reduce CNS damage and promote tissue recovery during inflammation mediated by proinflammatory cytokines, chemokines, and other stimulators [22] . Some studies have suggested that microglia activated by various immune reactions have effects on neuronal cells, resulting in cell death [23, 24] . Therefore, the development of anti-inflammatory reagents that can suppress the responses that activate the microglia could be valuable to retard neurodegeneration. Interferon-γ (IFN-γ) is a proinflammatory cytokine secreted by immune cells such as T lymphocytes, natural killer cells, and natural killer T cells [25] . It has been shown that IFN-γ induces the expression of proinflammatory and neurotoxic molecules such as prostaglandins, matrix metalloproteinases, nitric oxide, and cytokines [26] . Moreover, IFN-γ activates cellular kinases, resulting in phosphorylation the of cytosolic protein signal transducer and activator of transcription (STAT) [27] . STAT1 translocates into the nucleus after forming homodimers, binds to the IFN-γ-activated site and presents the promoters of various IFN-γ-inducible genes, including IFN-regulatory factor-1 and inducible protein-10, thereby accelerating the immune responses [28, 29] .
Based on this background, in this study, we attempted to isolate and identify bioactive compounds from the PT culture broth and investigated the mechanisms underlying their neuroprotective and anti-neuroinflammatory activities.
Materials and Methods

Extraction and Isolation
The PT culture broth (13 L) was kindly provided by Prof. Kyeong-Yeoll Lee (College of Agriculture and Life Sciences, Kyungpook National University, Daegu, Republic of Korea), and partitioned with ethyl acetate (EtOAc). The concentrated EtOAc layer (69.2 g) was applied to silica gel column chromatography [Ø 14.5 × 32.0 cm; dichloromethane (CH The chemical structures of the isolated compounds were determined by nuclear magnetic resonance (NMR) analysis (Avance Digital 500 spectrometer; Bruker, Germany). The chemical shifts were expressed in parts per million (ppm) relative to the internal standard, tetramethylsilane.
Cell Culture
The mouse hippocampal neuronal (HT22) and microglial (BV2) cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM; Welgene, Republic of Korea) supplemented with 10% fetal bovine serum (Hyclone, USA) and 1% penicillin/streptomycin (Welgene). Cells were incubated at 37°C in 5% CO 2 , and were subcultured every 48 h.
MTT Cell Viability Assay
HT22 cells were seeded at a density of 1.5 × 10 4 cells/well in a 48-well plate and incubated for 24 h. Before inducing cytotoxicity, samples were treated with 5 mM glutamate for 12 h. The media were removed, and 0.5 mg/ml of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Biosesang, Republic of Korea) in serum-and phenol red-free DMEM (Welgene) was added to the cells. After removal of the MTT solution, the insoluble formazan was dissolved in dimethyl sulfoxide (DMSO; Daejung, Republic of Korea). The optical density (OD) was measured at 575 nm, and the cell viability was calculated in comparison with the control group. BV2 cells were seeded at a density of 1.5 × 10 5 cells/well in a 48-well plate. After incubation for 24 h, the media were exchanged to serum-and phenol red-free DMEM, and the samples were added to the cells and incubated for 2 h. The cells were then stimulated using 10 ng/ml IFN-γ (BioLegend, USA) for 24 h. The media were collected for nitric oxide and proinflammatory cytokine quantification. Cells were treated with 0.5 mg/ml MTT for 1 h.
Measurement of ROS Production
HT22 cells (3 × 10 4 cells/well in a 24-well plate) were cultured and treated with samples as described for the MTT cell viability assay. Cell death was mediated by 5 mM glutamate for 6 h. After washing the cells once with phosphate-buffered saline (PBS), they were stained with 10 μM 2',7'-dichlorodihydrofluorescein diacetate (H 2 DCFDA; Invitrogen, USA) for 30 min in the dark. The 2',7'-dichlorofluorescein (DCF) produced by intracellular ROS was detected using a microplate reader (excitation, 485 nm; emission, 530 nm). For the flow cytometry analysis, 5 μM of 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, acetyl
ester (CM-H 2 DCFDA; Invitrogen) was used for staining. Ten thousand HT22 cells were applied to a FACS ARIA III system (BD, USA) for the detection of green fluorescence (530 nm). 
Measurement of Ca
Quantitation of Nitric Oxide
To quantify nitric oxide in the supernatants of BV2 cells, a nitric oxide detection kit (iNtRON Biotechnology, Republic of Korea) was used according to the manufacturer's instructions. The OD was measured at 540 nm using a microplate reader.
Proinflammatory Cytokine ELISAs
ELISAs were performed for the quantitation of proinflammatory cytokines, such as interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α), in the BV2 supernatants. The 96-well strips (Corning, USA) were coated with purified anti-mouse IL-6 (1:500 dilution; BioLegend) and anti-mouse TNF-α (1:200 dilution; BioLegend) in 0.1 M NaHCO 3 (pH 9.6) coating buffer, overnight at 4°C. The following day, the antibody solution was removed, and the wells were washed with PBS (pH 7.4) containing 0.05% Tween 20 and distilled water, 3× each. The wells were blocked with 3% bovine serum albumin (Affymetrix, USA) in PBS (blocking solution) for 1 h at room temperature. After washing the wells, the standard (recombinant mouse IL-6 and mouse TNF-α, 15.6-2,000 pg/ml; BioLegend) and BV2 supernatants diluted in blocking solution were added for 1 h. The wells were washed again before adding biotin anti-mouse IL-6 and anti-mouse/rat TNF-α (1:500 dilution in blocking solution; BioLegend) to capture the IL-6 and TNF-α, respectively. Following a 1 h incubation, the wells were washed, and horseradish peroxidase-avidin (1:500 dilution in blocking solution; BioLegend) was added for 1 h. The wells were washed and treated with, 3,3',5,5'-tetramethylbenzidine substrate (BioLegend). H 2 SO 4 (2 N) was used to stop the development of blue coloration. The OD was measured using a microplate reader at 450 nm. All the incubation steps were performed at room temperature except for the antibody coating step.
Statistical Analysis
Statistical analysis was performed with GraphPad Prism 7 software. The comparisons were calculated using one-way ANOVA followed by Dunnett's multiple comparisons test. Results were considered significant when the p value was <0.05.
Results
Neuroprotective and Anti-Neuroinflammatory Activities of the PT EtOAc layer
To examine the neuroprotective and anti-neuroinflammatory activities of the EtOAc layer from the PT culture broth (PT EA layer), HT22 cells were stressed with 5 mM glutamate and BV2 cells were stimulated with 10 ng/ml IFN-γ. Following treatment, HT22 cell viability decreased to 26.45 ± 2.40% compared with the control (100.00 ± 5.93%). In contrast, the cell viability was significantly recovered in the PT EA layer-treated group, in a concentration-dependent manner. Notably, 100 μg/ml PT EA layer increased the cell viability to 99.04 ± 1.03% (Fig. 1A) . The PT EA layer also remarkably suppressed the glutamate-induced ROS production from 1.39 ± 0.29 to 0.25 ± 0.00-fold at 100 μg/ml compared with the control (1.00 ± 0.08, Fig. 1B) .
In BV2 cells, IFN-γ significantly induced nitric oxide production (40.80 ± 0.72 μM; control, 2.41 ± 0.42 μM). A minor reduction in nitric oxide level to 38.72 ± 0.52 μM without cytotoxicity was observed with 100 μg/ml PT EA layer; however, it was not statistically significant. On the other hand, an inducible nitric oxide synthase inhibitor, 1400W, significantly decreased the nitric oxide level to 23.81 ± 0.56 μM at 10 μM (Figs. 2A and 2B ). Nevertheless, the elevated level of proinflammatory cytokine IL-6 induced by IFN-γ (894.07 ± 141.80 pg/ml; control, 62.80 ± 6.27 pg/ml) was significantly reduced to 424.67 ± 61.62 pg/ml following 100 μg/ml PT EA layer treatment (Fig. 2C) . On the contrary, the IFN-γ-mediated increase of the proinflammatory cytokine TNF-α (218.56 ± 35.17 pg/ml; control, 64.48 ± 2.83 pg/ml) was reduced to 183.17 ± 3.25 pg/ml by the PT EA layer without significance (Fig. 2D) .
These data suggested that the PT EA layer contains antioxidants that can protect the HT22 cells from glutamateinduced oxidative stress, as well as anti-neuroinflammatory constituents, which inhibit IFN-γ-mediated proinflammatory cytokine production in BV2 cells. Therefore, the active components of the PT EA layer were isolated using column chromatography.
Structure Determination of the Isolated Compounds
Compounds 1-5 were identified as 3-methoxychrysazine (1), 1,3-dimethoxy-8-hydroxy-9,10-anthraquinone (2) [12] , 1,3,8-trihydroxy-9,10-anthraquinone (3), 3,8-dihydroxy-1-methoxy-9,10-anthraquinone (4) [30] , and 1,3,4-trimethoxy-8-hydroxy-9,10-anthraquinone (5) through comparison with previous data (Fig. 3) .
3-Methoxychrysazine (1) 
(C-4), 108.95 (C-2), 107.95 (C-11).
3,8-Dihydroxy-1-methoxy-9, 10-anthraquinone (4). 
Neuroprotective Activity of Isolated Compounds against Glutamate Toxicity
To examine the neuroprotective activity of the isolated compounds, the MTT cell viability assay was performed. Pretreatment of HT22 cells with 10, 30, 50, and 75 μM of anthraquinones (1) (2) (3) (4) (5) showed that 1,3,8-trihydroxy-9,10-anthraquinone (3) significantly recovered cell viability in a concentration-dependent manner. Notably, the cell viability of the group treated with 75 μM 3 was 79.05 ± 7.77% compared with the control (100.00 ± 4.05%), whereas that of the 5 mM glutamate only-treated group was 50.19 ± 3.01%. The neuroprotective activities of compounds 1, 2, 4, and 5 were negligible (Fig. 4) .
Inhibition of Glutamate-Induced HT22 Cell Death Mechanism by Compound 3
The glutamate-mediated ROS production, Ca 2 + influx, and lipid peroxidation activity of the neuroprotective compound 3 was further investigated. Detection of ROS levels using H 2 DCFDA showed that 75 μM 3 significantly reduced the level to 0.88 ± 0.03-fold. The 5 mM glutamate only-treated group had a ROS level of 1.59 ± 0.25-fold, whereas the control was 1.00 ± 0.04 (Fig. 5A) . Additionally, flow cytometry analysis of HT22 cells showed that the intracellular ROS level induced by glutamate (3.74 ± 0.84-fold) was remarkably reduced to 2.20 ± 0.27-fold, whereas the control showed a ROS level of 1.00 ± 0.10 (Fig. 5B) . The Ca 2 + influx induced by glutamate was 2.94 ± 0.65-fold (control, 1.00 ± 0.09), whereas that for 75 μM 3-treated cells was 1.89 ± 0.64-fold (Fig. 5C ). HT22 cells stressed with 5 mM glutamate showed increased lipid peroxidation (4.38 ± 0.75-fold); however, this was also effectively suppressed to 2.04 ± 0.94-fold by 3 at 75 μM (Fig. 5D) . 
Anti-Neuroinflammatory Activity of Isolated Compounds against IFN-γ Stimulation
To evaluate the anti-neuroinflammatory activity, BV2 cells were treated with the five isolated anthraquinones (1) (2) (3) (4) (5) . The nitric oxide level was significantly increased to 36.44 ± 11.72 μM by 10 ng/ml IFN-γ, which decreased to 30.10 ± 10.62 μM following treatment with 50 μM of 3,8-dihydroxy-1-methoxy-9,10-anthraquinone (4) without cytotoxicity. The group treated with 50 μM 3 also showed a significantly reduced nitric oxide level; however, this was attributed to cytotoxicity (Figs. 6A and 6B). Additionally, 50 μM 4 significantly reduced the IL-6 production to 205.84 ± 46.32 pg/ml from 319.15 ± 88.25 pg/ml, as seen in the IFN-γ only-treated group (control, 25.27 ± 26.10 pg/ml; Fig. 6C ). The IFN-γ-induced elevated TNF-α level (109.30 ± 23.87 pg/ml) was also decreased to 86.01 ± 26.26 pg/ml by 50 μM 4 (control, 40.16 ± 10.81 pg/ml; Fig. 6D ). The decreased IL-6 and TNF-α levels following treatment with 3 could possibly be due to cytotoxicity, as seen with the nitric oxide quantitation. Therefore, 3 was examined again at lower concentrations that did not induce cytotoxicity, whereas 4 was tested at concentrations ranging between 1 and 50 μM in the additional experiment.
Inhibitory Effects of Compounds 3 and 4 on IFN-γ-Induced BV2 Cell Stimulation
As shown in Fig. 7A, 3 (1 and 5 μM) and 4 (1-50 μM) did not show any cytotoxicity on BV2 cells compared with the 10 ng/ml IFN-γ only-treated group. Furthermore, the IFN-γ-mediated nitric oxide production (46.28 ± 1.83 μM; control, 2.56 ± 0.34 μM) was decreased by 5 μM 3 and 50 μM 4 to 41.12 ± 0.36 and 37.86 ± 2.99 μM, respectively (Fig. 7B) . Moreover, 50 μM 3 significantly inhibited the IL-6 production to 145.84 ± 42.23 pg/ml, whereas the IFN-γ only-treated group showed 401.05 ± 113.33 pg/ml of IL-6 (control, 14.23 ± 19.86 pg/ml). The IL-6 level was reduced by 25 μM 4 to 196.83 ± 42.87 pg/ml (Fig. 7C) . In contrast, the TNF-α induced by IFN-γ (164.19 ± 24.32 pg/ml; control, 43.97 ± 24.73 pg/ml) was significantly reduced to 115.86 ± 22.18 pg/ml by 25 μM 4; however, the effect of 3 on the TNF-α level was negligible (Fig. 7D) .
Discussion
Since the application of Photorhabdus culture broth as a biopesticide, various carbapenems [31] , siderophore photobactin [32] , anthraquinones [30, 33] , and stilbenes [33, 34] have been reported as Photorhabdus metabolites. Seven stilbene derivatives, 3-hydroxy-2-isopropyl-5-phenethylphenyl carbamate, and 2-isopropyl-5-[(E)-2-phenylethenyl] benzene- 1,3-diol identified from PT culture broth showed antifungal activities against phytopathogenic fungi [34] . Additionally, the three compounds 3,5-dihydroxy-4-isopropylstilbene, 3,8-dimethoxy-1-hydroxy-9,10-anthraquinone, and 1,3-dimethoxy-8-hydroxy-9,10-anthraquinone were isolated from P. luminescens culture broth. Of these, 3,5-dihydroxy-4-isopropylstilbene had antifungal activity against Aspergillus flavus, Aspergillus fumigatus, Botrytis cinerea, Candida tropicalis, and Cryptococcus neoformans [33] . Furthermore, in our previous study, we identified two anthraquinones, 1,3-dimethoxy-8-hydroxy-9,10-anthraquinone and 3-methoxychrysazine, with mosquitocidal activities [12] .
Previous studies on the bioactivity of Photorhabdus metabolites show that investigations were limited to antifungal and anti-insect effects. In this study, the EtOAc layer from the PT culture broth was applied to cell-based assay systems, which resulted in the discovery of five anthraquinones identified as 3-methoxychrysazine (1), 1,3-dimethoxy-8-hydroxy-9,10-anthraquinone (2), 1,3,8-trihydroxy-9,10-anthraquinone (3), 3,8-dihydroxy-1-methoxy-9,10-anthraquinone (4), and 1,3,4-trimethoxy-8-hydroxy-9,10-anthraquinone (5). We report that compounds 3 and 4 are active compounds, whereas 5 is a novel compound. Compound 3 has previously been identified from the fungal genus Nigrospora [35] , the culture broth of Xenorhabdus luminescens [36] , the leaves of Cassia fistula [37] , and the leaves of Polygala japonica [10] ; nevertheless, 3 was first discovered from the PT culture broth. It was reported that 3 failed to inhibit nitrite release from lipopolysaccharide (LPS)-stimulated peritoneal macrophages isolated from ICR male mice [38] and LPS-stimulated BV2 cells because of its cytotoxicity [10] . Consistent with this, our investigation also showed that 3 induced cytotoxicity in IFN-γ-stimulated BV2 cells at 10 and 50 μM; however 5 μM 3 showed minor reductions in nitric oxide production without cytotoxicity and in the proinflammatory cytokine IL-6 level in the supernatants of BV2 cells. In contrast, 3 did not show any cytotoxicity on HT22 cells although it was tested up to 75 μM; instead, it significantly protected cells via inhibition of ROS production, Ca 2 + influx, and lipid peroxidation. Meanwhile, compound 4 with anti-neuroinflammatory activity was previously isolated from Xenorhabdus luminescens [39] ; however, this is the first report of 4 as a constituent of the PT culture broth together with 3.
Our results show that the anthraquinone pigments derived from PT culture broth could be useful to identify neuroprotectants and anti-neuroinflammatory agents.
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